Many organisms stringently regulate the number, volume and enzymatic content of peroxisomes (and other organelles). Understanding this regulation requires knowledge of how organelles are assembled and selectively destroyed in response to metabolic cues. In the past decade, considerable progress has been achieved in the elucidation of the roles of genes involved in peroxisome biogenesis, half of which are affected in human peroxisomal disorders. The recent discovery of intermediates and genes in peroxisome turnover by selective autophagy-related processes (pexophagy) opens the door to understanding peroxisome turnover and homeostasis. In this article, we summarize advances in the characterization of genes that are necessary for the transport and delivery of selective and nonselective cargos to the lysosome or vacuole by autophagy-related processes, with emphasis on peroxisome turnover by micropexophagy.
Many organisms stringently regulate the number, volume and enzymatic content of peroxisomes (and other organelles). Understanding this regulation requires knowledge of how organelles are assembled and selectively destroyed in response to metabolic cues. In the past decade, considerable progress has been achieved in the elucidation of the roles of genes involved in peroxisome biogenesis, half of which are affected in human peroxisomal disorders. The recent discovery of intermediates and genes in peroxisome turnover by selective autophagy-related processes (pexophagy) opens the door to understanding peroxisome turnover and homeostasis. In this article, we summarize advances in the characterization of genes that are necessary for the transport and delivery of selective and nonselective cargos to the lysosome or vacuole by autophagy-related processes, with emphasis on peroxisome turnover by micropexophagy.
During autophagy, cargos consisting of individual proteins, bulk cytosol and/or subcellular organelles, are degraded in the lysosome (or vacuole in yeast), with ensuing recycling of the amino acid and lipid precursors. Although autophagy was thought initially to enable cells to survive nutrient starvation by degradation and recycling of dispensable cellular components, it is now recognized to be involved in a plethora of cellular responses, including the regulation of organelle number [1] [2] [3] , development [4] [5] [6] , cell death [7] , lifespan [5] , bacterial pathogenesis [7] and cancer [8] . Not surprisingly, its involvement in pathological states and disease progression in mammals is rapidly gaining attention and interest [9] .
Autophagy is universal to all eukaryotic cells, including yeasts, worms, insects, plants and mammals [10] . In unicellular organisms, such as yeasts, it is observed primarily under nutrient starvation conditions or during the re-adaptation of cells switched from certain environments to others. Two morphologically distinct, but mechanistically related, forms of autophagy common to uni-and multicellular eukaryotes have been described. These are macroautophagy and microautophagy ( Figure 1) . A third form, called chaperone-mediated autophagy, has been found only in mammalian systems and is described elsewhere [9] . Autophagy is often a degradative process but it can be either selective or nonselective with respect to cargo that is turned over. The degradation of nonselective cargo is a mechanism for recycling any excess cellular components (e.g. cytosol and/or organelles) and might be a strategy for adaptation to different environments. By contrast, cells resort to selective autophagic turnover of nonfunctional or damaged organelles, or protein aggregates, that might be too large for other proteolysis machinery, such as the proteasome.
Unlike the autophagic pathways, the related cytosol-tovacuole transport (Cvt) pathway, described to date only in Saccharomyces cerevisiae, delivers a limited set of specific, Morphological steps in the cytosol-to-vacuole transport (Cvt), macroautophagy and microautophagy pathways in yeast. In microautophagy, organelles and/or cytosolic proteins are engulfed by the vacuolar membrane in a Pac-Manelike fashion and degraded in the vacuolar lumen. Macroautophagy involves the formation of large (300-900 nm) cytosolic, double-membrane vesicles (autophagosomes) that sequester organelles and/or cytosolic proteins. Once formed, autophagosomes fuse with the vacuole (V), releasing a single-membrane vesicle (autophagic body) into the lumen of the vacuole, in which the autophagic bodies are degraded. In the Cvt pathway, which is biosynthetic rather than degradative, cytosolic cargo such as the precursor of aminopeptidase I (prApe1) is oligomerized in the cytosol and then engulfed by a double membrane to generate a Cvt vesicle (140-160 nm). These vesicles fuse with the vacuole, yielding intravacuolar Cvt bodies that are degraded, releasing prApe1 into the lumen, in which it is processed to the mature form. The selective turnover of peroxisomes (P) can occur by macroautophagy-or microautophagy-like processes called macropexophagy and micropexophagy, respectively. oligomeric, vacuolar hydrolases, aminopeptidase I (ApeI) and a-mannosidase 1 (Ams1) directly from the cytosol to the vacuole [11, 12] (Figure 1 ). This mode of vacuolar delivery might be used, rather than the usual route via the secretory pathway, by proteins that fold and oligomerize rapidly in the cytosol. Their folded or oligomerized state might be incompatible with translocation across the endoplasmic reticulum membrane, which transports only unfolded proteins.
The microautophagy, macroautophagy and Cvt pathways, although morphologically distinct, share many proteins [13] [14] [15] . However, each of these processes also uses unique proteins [11, 15] , which probably account for the types of cargo selected by each process, the physiological signals activating these pathways and morphological differences between them.
Pexophagy refers to the specific turnover of peroxisomes (Box 1) by autophagy. However, because pexophagy can occur by processes resembling either macroautophagy or microautophagy, these turnover mechanisms are referred to as macropexophagy [16] and micropexophagy [17] , respectively, to distinguish the distinct mechanisms and proteins involved.
Recently, a new nomenclature was adopted for autophagy-related (ATG) genes [18] . To date, 27 ATG genes have been identified, and several genes involved in other cellular pathways [e.g. vacuolar-protein sorting (VPS)] have also been found to have a role in autophagyrelated processes. Autophagy is the subject of a recent book [10] , and excellent reviews have been written about the biological roles of autophagy and the involvement of ATG genes in autophagy and Cvt pathways [4, 11, 12, [19] [20] [21] [22] . The degradation of peroxisomes in Hansenula polymorpha by macropexophagy has also been reviewed recently [16, 23, 24] . This article highlights the mechanism of micropexophagy [17] , for which the morphological intermediates and the proteins involved have been discovered only recently. Somewhat surprisingly, what initially seemed to be a morphologically distinct process from the macroautophagy and Cvt pathways has been found, upon closer analysis, to share many proteins with other autophagy-related processes. Additionally, there are also proteins uniquely involved in micropexophagy. This review first describes our current understanding of the molecular events in the betterstudied macroautophagy and Cvt pathways, and then applies this knowledge to understand similarities and differences in the mechanism of micropexophagy.
Molecular mechanisms involved in the macroautophagy and Cvt pathways Studies in S. cerevisiae have shown that the macroautophagy and Cvt pathways comprise multiple steps (Figure 1) , in which either nonselective or selective cargos, respectively, are engulfed by a double membrane of unknown origin, to form autophagosomes or Cvt vesicles, followed by fusion of the outer membrane of such vesicles with the vacuolar membrane. This results in the appearance, within the vacuole, of autophagic or Cvt bodies, respectively, which are then subjected to hydrolytic steps by vacuolar hydrolases.
The multiple, complex steps in the macroautophagy and Cvt pathways are orchestrated by many Atg proteins acting at specific stages and belonging to various classes of enzymatic activities (Table 1 and Figure 2 ). The events involved are described below.
(i) Signaling: autophagy is significantly induced by starvation for carbon, nitrogen, phosphate or sulfate. The starvation signal is transduced by the Tor pathway [25] . The downstream effector for this pathway has not been identified. Proteins functioning in the response to the Tor2 signaling cascade include a phosphoprotein, Atg13 and a protein kinase, Atg1 [26] . Atg1 and Atg13 are part of the Atg1 complex.
(ii) Cargo selection: unlike the nonselective cargo targeted by autophagy, only selective cargo is sequestered by the Cvt pathway through the utilization of additional components involved in cargo recognition (Atg19) and packaging (Atg11) [27, 28] . Atg11 and Atg19 are not necessary for autophagy.
(iii) Nucleation of the cargo-sequestering membrane: a small, dot-like, perivacuolar structure called the Box 1. Peroxisomes: structure, function and homeostasis
Peroxisomes are single-membrane-enclosed organelles involved in many aspects of lipid metabolism. They house enzymes producing and degrading hydrogen peroxide and are found in virtually all eukaryotic cells. Unlike mitochondria and chloroplasts, they have no DNA. All their proteins are, therefore, encoded by the nuclear genome. The import of these proteins to the peroxisome matrix and membrane requires the action of a set of proteins (w30), called peroxins, encoded by PEX genes. Peroxisomes are dynamic organelles that can be induced [1, 66] or turned over in response to extracellular cues in yeasts and mammals [1, 66, 67] . Peroxisome number can thus be regulated by modulation of biogenesis [66] or degradation [19, 23, 68, 69 ]. The steady-state level (homeostasis) of peroxisomes in any cell is tightly controlled by the net balance between the biogenesis and turnover of the organelle. Understanding the mechanism by which homeostasis is achieved is an important scientific goal.
Redundant, damaged or nonfunctional peroxisomes are degraded by autophagy-related processes [23] . Most mammalian cells, and yeasts with the exception of Pichia pastoris use only macropexophagy [1, 23, 68] . Micropexophagy has been observed in P. pastoris and Aspergillus nidulans. It is unclear what determines the choice of pathway used in a given organism, and we do not know exactly what detrimental effects might be caused in uni-and multicellular organisms by deficiencies in peroxisome turnover. It is conceivable, for example, that maintaining high levels of peroxisomes, under conditions when they are really unnecessary for cell growth, affects the fitness of the cells by depleting energy and other precious resources, such as metabolites, cofactors, membranes and lipids. In rodents, but not in primates, prolonged peroxisome proliferation is associated with hepatocarcinogenesis.
P. pastoris is the only known organism in which either macropexophagy or micropexophagy can be triggered at will by the choice of the growth media [2, 13] . These processes are mediated by common and unique genes because mutants affecting either one or both processes are known. In P. pastoris, macropexophagy occurs after transferring cells from methanol to ethanol, whereas micropexophagy is observed after switching the cells from methanol to glucose. As a result, P. pastoris is the best-studied model for micropexophagy, and is the source of most of the current information on the mechanism of micropexophagy [ pre-autophagosome structure (PAS) serves as the site of membrane recruitment of cargo and membrane expansion in the autophagy and the Cvt pathways. In mammalian cells, an equivalent structure, called the phagophore might perform the same function [29] . The PAS was originally defined as the structure on which Atg1, Atg2, Atg5, Atg8 and Atg16 colocalize in S. cerevisiae [30] . Other proteins, such as Atg12, Atg13 and Atg17, interact with those that are physically localized to the PAS, and are also likely to be present on the same structure. This compartment was also shown to contain other components specific for the Cvt (Atg11, Atg19) [31] , and for both Cvt and macroautophagy [e.g. phosphatidylinositol (PtdIns)-3-kinase complex I] pathways [30, 31] . Recently, a transmembrane protein, Atg9, and a peripheral protein, Atg23, were also localized to a separate membrane, called the non-PAS structure (NPS) [30, 32, 33] , which contributes to the formation of the PAS [33] . It is unclear whether the protein components that come to reside at the PAS are simply added from the cytosol to the NPS (no membrane-fusion events required), or whether some other membrane 
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Integral membrane protein, a permease homolog (from unidentified vesicles) fuses with the NPS to generate the PAS (Figure 2 ). In the absence of Atg9, neither the macroautophagy nor the Cvt pathway is functional but there is disagreement as to whether the authentic PAS can form with normal or reduced efficiencies [30, 31] . Because the appearance of Atg8 and/or cargo as a punctate, perivacuolar structure is partially or completely independent of Atg9 [30, 31] or Atg23 [34] , it is likely that this particular structure arises from a membrane distinct from the NPS. Based on this logic, if one were to define the PAS as the structure that has membrane contributions from both the NPS and an alternative, as yet unidentified, source, then in yeast cells lacking Atg9 or Atg23, the perivacuolar structure containing Atg8 and/or cargo is not the authentic PAS.
(iv) Membrane expansion and cargo engulfment: most Atg proteins are involved in this step (reviewed in [35] ). This group includes the ubiquitin-like (UBL) molecules Atg8 and Atg12 that conjugate to phosphatidylethanolamine (PtdEtn) and Atg5, respectively; an E1-type, ATP-dependent, ubiquitin-activating enzyme (Atg7); and E2-type, ubiquitin-conjugating enzymes (Atg3 and Atg10). (v) Protein retrieval: except for Atg8 and Atg19 in the Cvt pathway, most proteins required for membrane expansion at the PAS are absent in the completed autophagosome or Cvt vesicle, suggesting that they must be retrieved from the PAS. Atg9 and Atg23 are proposed to be recycled from the PAS to the NPS in a manner controlled by the Atg1-Atg13 signaling complex. Atg9, but not Atg23, recycling also requires Atg2 and Atg18 [33] . Recycling of Atg9 and Atg23 presumably replenishes them at the NPS, but the compartment to which Atg9 and Atg23 are recycled is presently unknown (Figure 2 [38] , and perhaps a putative lipase (Atg15) [39, 40] and permease (Atg22) [41] , are involved.
Micropexophagy
Micropexophagy was monitored by fluorescence and electron microscopy, following a shift of Pichia pastoris cells from methanol to glucose [2, 13] . The vacuole was labeled with the vital dye FM4-64, which is taken up by endocytosis. Peroxisomes were tagged by the transport of green fluorescence protein (GFP), fused at its C-terminus to a peroxisomal matrix-targeting signal, termed PTS1.
From an analysis of the events and kinetic intermediates prApe1) is shown as the nonspecific and specific cargo for the macroautophagy and Cvt pathways, respectively. The Cvt complex has oligomeric prApeI and Ams1, in addition to Atg19 and Atg11. Formation of the Cvt complex is a prerequisite for assembly of the preautophagosome structure (PAS) in the Cvt pathway but not for macroautophagy [28] . The structure containing Atg9, but not the ubiquitin-like (UBL) system, is defined as the non-PAS structure (NPS). The PAS has Atg8 as its marker but also has components of the following complexes: Atg11, Atg19, prApeI and Atg 9 (and Atg23 in the Cvt pathway); Phosphatidylinositol (PtdIns)-3-kinase complex I (Vps15, Vps34, Atg6 and Atg14); the UBL system (Atg3, Atg5, Atg7, Atg8, Atg10, Atg12 and Atg16); the Atg1 complex, which comprises Atg1 and Atg13 (in addition to either Atg17 or Vac8 for the macroautophagy or Cvt pathways, respectively); and Atg2. The sequential assembly of PtdIns-3-kinase complex I, the UBL system and then the Atg1 complex is based on published work [30, 31] . Recycling events retrieve several proteins that are excluded from the autophagosomes and Cvt vesicles [33, 34, 70] but the target membrane for these reactions is speculative. Autophagosomes and Cvt vesicles fuse with the vacuolar membrane in an N-ethylmaleimide-sensitive factor (NSF)-, soluble NSF attachment protein (SNAP)-, Rab-, tether-and SNAP receptor (SNARE)-dependent manner.
Review TRENDS in Cell Biology Vol.14 No.9 September 2004observed, a model was proposed for micropexophagy (Figure 3a) , and nonconditional mutants blocked at various steps were identified [13] [14] [15] (Figure 3b) . The peroxisomes and a single spherical vacuole are juxtaposed next to each other initially (Stage 0). Following the induction of micropexophagy, the vacuole invaginates [Stages 1(i)-1(iii)], and extends two arms around the peroxisome. During Stage 1 the vacuole usually septates to generate multiple vacuolar compartments, which then coordinately engulf a cluster of peroxisomes. The septated vacuoles or the extended vacuolar arms then fuse around the peroxisome cluster to engulf it completely (Stage 2), followed by the vacuolar degradation of the peroxisomal membrane and its contents (Stage 3). Previous studies have shown that during micropexophagy in P. pastoris, mitochondria are not degraded but cytosolic formate dehydrogenase turns over [2] .
The dissection of the morphological steps in micropexophagy and the availability of many mutants in the process enabled the isolation and characterization of the genes involved (Tables 1,2 ) and the determination of where particular gene products act during micropexophagy [14, 15] . Examination of the genes affecting micropexophagy reveals two themes: (i) many genes are also needed for other autophagy-related processes, such as the Cvt and macroautophagy pathways (Table 1) ; and (ii) some genes are unique to micropexophagy and are dispensable for related pathways ( Table 2 ). The determination of the steps in micropexophagy and the identification of the proteins have facilitated a detailed molecular analysis of the functions of the proteins involved.
Role of a PAS-like membrane compartment in micropexophagy It was anticipated that the genes involved in the early steps of micropexophagy and the macroautophagy or Cvt pathways would be distinct, whereas those acting at the late vacuolar hydrolysis steps would be common. Surprisingly, however, components of the NPS (e.g. Atg9), and many proteins needed for the formation of the PAS, were also needed for micropexophagy [14, 15] . To explain this anomaly, it was speculated that a PAS-like structure might be necessary for the terminal fusion of the vacuolar arms around the cargo [42] . Experimental evidence for the involvement of such a structure, called micropexophagy apparatus (MIPA), was published recently and this structure has been proposed to be required for complete peroxisome engulfment [43] . The MIPA contains proteins (Atg8 and Atg26) needed for both micropexophagy and macropexophagy [44] . The location of the MIPA is also interesting, in that it is positioned on the side of the peroxisome furthest away from the site of initial juxtaposition of the peroxisome and the vacuole (Figure 4) . If the MIPA and PAS are indeed related structures, then it is easy to understand why many of the proteins required for the formation of the PAS are also needed for micropexophagy. Signaling during micropexophagy Little is known about the signaling pathways or how they regulate the mechanisms involved. Four mutants, Pppfk1 (P. pastoris pfk1), Ppvps15, Ppvps34 and Ppatg18 (Figure 3b ), blocked at Stage 0 in micropexophagy are good candidates to be affected in the signaling pathway. The PpPFK1 gene, encoding the a-subunit of phosphofructokinase 1, is necessary to sequester peroxisomes after the switch from methanol to glucose in P. pastoris [45] . However, the ability of PpPfk1 to provide this function is independent of its ability to metabolize glucose intermediates because a catalytically inactive form of this protein is proficient for micropexophagy. In S. cerevisiae, H. polymorpha and mammalian cells, a PtdIns 3-kinase is involved in autophagy and autophagyrelated processes [46] [47] [48] . Recently, it was demonstrated in S. cerevisiae that Vps34 and Vps15, which are involved in the generation of PtdIns 3-phosphate (PtdIns3P) at particular intracellular membranes, are present in two distinct complexes but only the complex I (Vps34, Vps15, Atg14, Atg6) is essential for autophagy and the Cvt pathway [46] . Complex I generates PtdIns3P at the PAS [31, 46, 49] and is also required for an early event of PAS organization [30] . PtdIns 3-kinase might have a similar role in the formation of the MIPA. In P. pastoris, vps15 and vps34 mutants were completely blocked for micropexophagy at Stage 0 [15, 50] (our unpublished results). A likely explanation for this effect is that these vps mutants are also affected in the transport and/or maturation of many proteins to the vacuole, some of which might be necessary for the signaling or initiation of micropexophagy. Therefore, during micropexophagy, these VPS genes might have an indirect role, via their effect on vacuolar protein transport and maturation, as well as a more direct effect on the formation of the MIPA.
In cells of the Ppatg18 mutant, micropexophagy is blocked at an early stage in which the vacuole is still spherical with no apparent extensions engulfing the peroxisome. This mutant is also blocked in macropexophagy, as well as the Cvt and macroautophagy pathways, in S. cerevisiae [51] . PpAtg18 is a peripheral protein on the vacuolar membrane. In addition, there is a cytosolic population, and the interaction of PpAtg18 with the vacuolar membrane is clearly weak [51] . PpAtg18 is required for the localization of PpAtg2 to a perivacuolar structure but it is unknown if this is a direct or indirect effect [51] . PpAtg18 probably attaches to membranes by binding PtdIns (3,5)-bisphosphate [52] .
How are peroxisomes targeted for turnover? Peroxisomes targeted for selective degradation must first be marked and then recognized by the proteins involved in macro-or micropexophagy. The only clues regarding how peroxisomes might be selected for turnover come from H. polymorpha, where macropexophagy occurs.
In H. polymorpha, peroxisomes are turned over when they are redundant or nonfunctional [23, [53] [54] [55] [56] . Peroxisome-deficient human cells also degrade importincompetent peroxisome remnants by autophagy [57] . These results imply that peroxisomal metabolic pathways and metabolites are unlikely to be involved directly in the turnover of this organelle. They suggest the alternative possibility, that nonfunctional peroxisomes might trigger pexophagy.
To understand how the peroxisomes might be rendered nonfunctional, the focus has shifted away from metabolites to constituents of the peroxisomal import machinery whose inactivation might trigger pexophagy. One such candidate is Pex14, a key component of the peroxisomal matrix protein import machinery, which is also required for macropexophagy [55] . Short (31 and 64 amino acids) N-terminal deletions of Pex14 abolished peroxisome turnover in H. polymorpha [55] . This region is required for the interaction of Pex14 with other key components of the import apparatus. It remains to be seen if Pex14 is also necessary for micropexophagy.
A connection between the inactivation of the peroxisomal matrix protein import machinery and the onset of pexophagy comes from studies on the involvement of another peroxin, Pex3, in macropexophagy [56] . Following the induction of macropexophagy in H. polymorpha, Pex3 was unstable. This integral membrane protein of the peroxisome is central for the targeting and assembly of the membrane-associated peroxisomal matrix protein import complexes [58, 59] . Its removal might disassemble the import complexes and thereby tag peroxisomes for turnover. However, the applicability of this mechanism to micropexophagy has not been tested.
Peroxisome engulfment during micropexophagy: proteins acting at the MIPA The location of key proteins, such as Atg8 and Atg26, to the MIPA, and the correlation between the appearance of this structure and micropexophagy, suggest that proteins at the MIPA have an important role during micropexophagy [43] .
The UBL protein PpAtg8 is an important marker, but only one of two known markers, of the MIPA [43] . In the absence of other markers, it is difficult to assess unequivocally whether the MIPA exists constitutively in cells not exhibiting micropexophagy, although electron microscopy suggests that the MIPA does not exist under these circumstances. PpAtg8 is a 125 amino acid protein that is processed by PpAtg4 to produce a 116 amino acid, truncated PpAtg8 ending in a C-terminal G, enabling this truncated Atg8 to participate in a UBL conjugation reaction. The truncated Atg8 is conjugated most likely to TRENDS in Cell Biology MIPA P V Atg8 Atg26 Figure 4 . Localization of the micropexophagy apparatus (MIPA) during micropexophagy. In the fluorescence image, the MIPA is localized with green fluorescent protein (GFP)-PpAtg8 fusion (green), and the vacuole (V) with FM4-64 (red) [43] . The only proteins currently known to localize to the MIPA in Pichia pastoris are Atg8 and Atg26 [43, 44] . Abbreviation: P, peroxisome.
Review TRENDS in Cell Biology Vol.14 No.9 September 2004membrane-associated PtdEtn. Notably, in glucose-grown P. pastoris, PpAtg8 is cleaved but not conjugated to PtdEtn, which is a prerequisite for its transfer to the membrane of the MIPA. It is only after the induction of micropexophagy that PpAtg8 moves to the MIPA. Thus, the linkage of PpAtg8 with PtdEtn (and membranes) is a key event at the onset of micropexophagy. This change is also reflected in the altered location of GFP-PpAtg8, from the cytosol and the vacuole immediately after the shift from methanol to glucose, to the MIPA 15-30 minutes later. This timing coincides with the morphological appearance, by electron microscopy, of a membranebound, flattened sac, on the cytosolic face of the membranes of the peroxisome cluster. Additionally, the formation of the MIPA is defective in atg7D cells.
It has been suggested that the membrane of the MIPA fuses with the arms of vacuole surrounding the peroxisome, as a prelude to complete peroxisome engulfment [43] . However, not all proteins associated with the PAS are targeted to the vacuole, and certain proteins are retrieved from the PAS [33, 60] (Figure 2 ). It is unknown at present whether proteins are recycled from the MIPA or whether they are all degraded during micropexophagy.
The Atg26 protein, encoding a uridine-diphosphateglucose:sterol glucosyltransferase, is required uniquely for both macro-and micropexophagy but not for starvationinduced macroautophagy in P. pastoris, or for pexophagy in Yarrowia lipolytica [44, 61] . This protein has a pleckstrin homology (PH), GRAM (glucosyltransferases, Rab-like GTPase activators, and myotubularins) and a catalytic domain, all three of which are needed for micropexophagy. PpAtg26 is predominantly cytosolic but migrates to the MIPA and colocalizes with PpAtg8 after the induction of micropexophagy. Its localization to the MIPA requires both the PH and the GRAM but not the catalytic domain that is responsible for the synthesis of ergosterol glucoside. The necessity of the catalytic activity of Atg26 for micropexophagy suggests that sterol-glucoside synthesis is necessary at the MIPA.
Proteins involved in late peroxisome engulfment events in micropexophagy Most proteins of the UBL conjugation system, the Atg1 complex and the Atg9 complex, identified in the micropexophagy screen in P. pastoris, are involved in late Stage 1, before the fusions events (Figure 3b ). These proteins could be required either for the formation of the MIPA or to confer upon it a fusion-competent state that would manifest itself as a requirement of the MIPA for micropexophagy [43] .
Proteins of the UBL conjugation system are necessary for the Cvt and macroautophagy pathways in S. cerevisiae, and those that have been tested (Table 1) are also necessary for micropexophagy in P. pastoris. Additionally, specific mutations affecting the function of key proteins, such as those affecting the ATP-binding or catalytic sites of Atg7, compromise all these pathways [62, 63] , suggesting that these proteins could have the same role in these pathways.
PpAtg2 is a cytosolic protein that becomes associated with one or more structures situated near the vacuole during glucose adaptation. PpAtg2 requires PpAtg1, PpAtg9, PpAtg18 and PpVps15 to localize to a perivacuolar compartment [14] . In S. cerevisiae, constituents (Atg6 and Atg14) of the PtdIns-3-kinase complex, Atg1 and Atg9, are necessary for the localization of Atg2 to the PAS but Atg2 localization is independent of the UBL systems [32, 64] . ScAtg2 could be involved in the recycling of Atg9 from the PAS [33] .
Atg11 from P. pastoris and S. cerevisiae are required for pexophagy but neither protein is essential for nonselective macroautophagy induced by nitrogen starvation. Atg11 might function to sequester selectively cytoplasmic proteins and organelles for degradation within the vacuole [27, 65] . The localization of PpAtg11 to a region of the vacuolar membrane that contacts the peroxisome during the engulfment process could support this model [65] .
Regulation of micropexophagy
Two schemes might explain how micropexophagy is regulated: (i) it could be induced under the right conditions, and (ii) it might be suppressed under the wrong conditions. The induction of the membrane-associated, PtdEtn-conjugated form of PpAtg8, and the MIPA suggest that the process can be turned on. Interestingly, PpAtg8 has a second function that requires the protein but not its PtdEtn-conjugated form [43] . This role is to inhibit the premature induction of micropexophagy in cells grown on methanol. In the absence of PpAtg8, the vacuoles engulf, but do not degrade, the peroxisomes before induction of micropexophagy on glucose. The PpAtg8(G116A) mutant (blocked in conjugation to PtdEtn via the C-terminal G) suppresses this premature engulfment of peroxisomes by the vacuole in methanol medium but is unable to complement the micropexophagy defect in glucose medium [43] . Therefore, both mechanism (i) and (ii) seem to be involved in the regulation of micropexophagy.
Intravacuolar hydrolytic events
The vacuolar lipid and protein turnover processes needed for the macroautophagy, micropexophagy and the Cvt pathways are likely to be common. Therefore, it is not surprising that vacuolar hydrolytic enzymes, such as proteinase A (Pep4) and B (Prb1), are needed for all these pathways. Somewhat surprisingly, mutations in these vacuolar proteases, or inhibition of these proteases by phenylmethylsulfonyl fluoride (PMSF), caused an arrest in micropexophagy at Stage 0 [13, 15] . The absence of vacuolar proteases would be expected to affect the final degradation step, when the peroxisomes are already inside of the vacuole, but not an early stage. The result suggests that some, as yet unknown, substrate of these proteases might be necessary for the initiation of vacuolar membrane invagination.
Concluding remarks
Pexophagy, the process of selective peroxisome turnover by autophagic mechanisms involving the mammalian lysosome or yeast vacuole, shares many proteins with other autophagy-related processes that are common to all eukaryotic cells. Two modes of peroxisome turnover, macropexophagy and micropexophagy, are related Review morphologically and mechanistically to macroautophagy and microautophagy, respectively. The recent discovery of the intermediates, genes and proteins involved in micropexophagy has shown that it has both similar and unique features, relative to other better-studied autophagyrelated processes, such as the macroautophagy and the Cvt pathways of S. cerevisiae. Understanding the functions (Box 2) of the proteins shared by the two modes of pexophagy, and of those unique to micropexophagy, will undoubtedly lead to much-needed mechanistic understanding of these important cellular processes.
